Barrett's esophagus is a condition that predisposes patients to esophageal cancer. Early detection of cancer in these patients can be curative, but is confounded by a lack of contrast in white light endoscopy (WLE). Application of fluorescently-labeled lectins to the esophagus during endoscopy can more accurately delineate dysplasia emerging within Barrett's than WLE 1 , but strong tissue autofluorescence has limited sensitivity and dynamic range of this approach. To overcome this challenge, we synthesized a near-infrared (NIR) fluorescent lectin and have constructed a clinically translatable endoscope for simultaneous WLE and NIR imaging. An imaging fiber bundle, shielded from patient contact using a disposable catheter, relays collected light into an optical path that splits the WL reflectance and NIR emission onto two cameras for simultaneous video-rate recording. The captured images are co-registered and the honeycomb artifact arising from the fiber bundle is removed using interpolation between image points derived from individual fibers. A minimum detectable concentration of 110 nM was determined using a dilution series of IRDye800CW-lectin in black well plates. We have demonstrated the ability to use our endoscope to distinguish between different tissue types in ex vivo mouse stomachs. Future work using human ex vivo tissue specimens will determine safe illumination limits and sensitivity for dysplasia and adenocarcinoma in Barrett's esophagus, prior to commencing clinical trials.
INTRODUCTION
Barrett's esophagus is an acquired condition that predisposes patients to esophageal adenocarcinoma. 2, 3 Progression to cancer occurs through intermediate stages of dysplasia. 2, 3 Early detection of these dysplastic regions can be curative, which has motivated routine clinical surveillance of Barrett's patients using white light endoscopy (WLE). 4 However, WLE has poor contrast for dysplasia within Barrett's, resulting in a low sensitivity for dysplasia. 5 This has motivated the development of a more sensitive wide field surveillance technique. Though many new techniques have been developed in the past years, none have yet been recommended for use in routine clinical practice. 4, 5 We have previously shown the differential binding of a fluorescently labeled lectin, wheat germ agglutinin (WGA), to dysplasia arising in Barrett's esophagus. When applied to the esophagus during endoscopy and imaged using a fluorescent endoscope, this fluorescently labeled lectin has the potential to allow more accurate delineation of dysplasia than WLE 1 . Existing endoscopy solutions for detecting fluorescence emissions are optimized for imaging of tissue autofluorescence. Therefore, the sensitivity and dynamic range for detection of exogenously applied contrast agents has thus far been limited by the high endogenous background signal present within the images.
In order to avoid the autofluorescent background, we chose to image fluorescently labeled lectins in the nearinfrared (NIR), where the tissue autofluorescence is far less intense. 6 In order to achieve this, we have labeled WGA with a near-infrared dye (IRDye 800CW, Li-cor). Since there are no commercially available endoscopes capable of imaging in the NIR region, the aim of our current work is to develop a clinically translatable endoscopic probe for simultaneous wide field imaging of WGA-IR800 fluorescence and white light reflectance. Here, we present our current endoscopic system, the technical characterization process undertaken along with preliminary biological validation and discuss the steps required to reach clinical application.
MATERIALS AND METHODS

Endoscope design
A schematic of the endoscopic system is presented in Figure 1 . The system is based around an imaging fiber bundle consisting of 10,000 individual fibers (PolyDiagnost, Germany). This is threaded inside a disposable catheter that protects the distal tip of the imaging fiber bundle from direct patient contact with a glass cover plane (PolyDiagnost, Germany). The catheter also contains a light guide for illumination and a 1.2 mm working channel. The combined imaging fiber bundle and catheter is known as the PolyScope flexible endoscope. The PolyScope may be used independently or introduced through the accessory channel of another endoscope.
Basing our device around the PolyScope system offers several advantages. Firstly, the lack of direct patient contact removes the need for sterilization of the imaging fiber between procedures, prolonging the lifetime of this expensive part. Secondly, the system carries a CE mark for Endoscopic Retrograde Cholangio-Pancreatography (ERCP), which facilitates easier safety approval for use in the esophagus. Thirdly, the catheter has a maximum diameter of 3.0 mm allowing it to be threaded into a 3.7 mm working channel of a commercial endoscope for direct comparison to standard white light reflectance imaging.
Illumination is provided by a broadband halogen light source (OSL2B2, Thorlabs) clipped with a 750 nm short pass excitation filter. This is directed onto the sample through the light guide embedded inside the PolyScope catheter. Light collected by the imaging fiber is relayed through an infinity corrected 20x objective lens (421350-9970-000, Zeiss) and split into two channels with a long pass dichroic filter (DMLP650L, Thorlabs). A grayscale CMOS sensor (Grasshopper3 GS3-U3-41C6M-C, PointGrey) is used to collect light from 400-633 nm and an EMCCD (ProEM+_eXcelon 512 x 512, Princeton) collects light above 800 nm allowing simultaneous WL reflectance and NIR fluorescence imaging.
The system is kept compact through the use of broadband mirrors to bend the light path. The optics are securely housed inside a light tight enclosure, which is fixed to a stainless steel trolley (FW2901-3, Freeway Medical) with a footprint of 512 mm x 480 mm. This allows the system to be easily and safely transported around a crowded endoscopy suite. 
Image acquisition and corrections
A LabView (National Instruments, USA) Visual Interface (VI) is used to control the cameras and acquire images. The white light images are saved as 8 bit 2048 x 2048 tiff files and the NIR images are saved as 16 bit 512 x 512 tiff files. Data analysis was carried out using Matlab (MathWorks, USA).
An overall schematic of the image corrections is shown in Figure 2 . Since the imaging fiber bundle is composed of 10,000 individual fibers, a honeycomb structure appears in the images. In order to remove this, we first acquire a bright field image from an externally illuminated diffusely reflecting surface. Next, we identify the locations of each individual fiber within these bright field images. We used an algorithm adapted from the methods of Elter et al. 7 The procedure is as follows:
1. Define candidate fiber centers as points that are at a maximum with respect to their neighbors. 2. For each candidate fiber center, calculate an average difference in brightness between the candidate pixel and all of its neighbors. 3. Order candidate fiber centers in descending order of average difference in brightness. 4. Starting from the highest ranked candidate (largest average difference in brightness), sequentially place each candidate fiber center onto a center map if and only if the candidate is a minimum distance of one fiber diameter from all centers already in the map. Fiber centers are added for as long as this criterion is satisfied until all candidates have been added to the map or rejected.
We then reconstruct an artifact free image based on a bilinear interpolation of pixel values at fiber centers. Once this procedure is complete, we can define a lookup table that must only be updated if the system is re-aligned. This allows us to perform the correction and co-registration in real time. After honeycomb correction, the white light and NIR images can be co-registered using the fiber locations. To do this, we select the four fibers located at the extreme x and y positions. The algorithm then rescales the white light image in x and y such that the selected four fibers are co-registered with the NIR image ( Figure 2(d) ). This allows us to co-register features visible in the white light image with regions of fluorescence in the NIR image.
TECHNICAL CHARACTERIZATION
Optical characterization
To enable wide field surveillance of the whole esophagus it is important that the endoscope has sufficient imaging performance across a wide field of view (FOV). In order to measure the FOV we captured 3 images of 1 mm graph paper at 4 different working distances. The resulting images will show a barrel distortion defined by
where r u is the radial distance from the center of the ground truth image to a given vertex i in mm, r d is the radial distance from the center of the distorted image to the same vertex i in pixels, k is a constant that describes the magnitude of the distortion and A is a constant used to convert between units of pixels and mm. An example image displaying this distortion can be seen in Figure 3 (a).
For each of the 12 images (4 working distances x 3 replicates) we identified the position of the center of the fiber bundle and plotted the radial distance to each vertex in the graph paper, r d (in pixels), against the true distance, r u (in mm), which is known from the markings on the graph paper. The distortion constant k and the constant A were determined by fitting equation 1 to the graphs (Figure 3(b) ). The values of k and A can be used with equation 1 to determine the FOV (= 2r u ) based on the diameter of the images in pixels (= 2r d ). Combining these data for the 4 working distances, we determined the angle of the FOV to be 63±1° (Figure 3(c) ), which compares favorably to the manufacturer specified angle of 70°. 
System sensitivity
For in vivo application it is important that we are able to detect WGA-IR800 at low concentrations. The reasons for this are threefold. Firstly, since WGA shows a negative contrast for dysplasia, we must be capable of detecting it at low concentrations to avoid false positives. Secondly, although WGA occurs naturally in food 1 and IR800 can be produced under cGMP conditions, minimizing the amount of any exogenous agent sprayed inside the esophagus is desirable for clinical translation. Thirdly, we would like to minimize non-specific binding effects that may become most problematic at high concentrations where they reduce our contrast. Therefore, determining the sensitivity of the system is a crucial aspect of the characterization process.
In order to characterize sensitivity, we prepared a two-fold dilution series of WGA-IR800 in phosphate buffered saline (PBS) and pipetted 30 µL of each solution into a well plate (µ-Slide 18 Well -Flat, ibidi), which had been spraypainted matte black to avoid specular reflections. We then captured images of the dye at 5 different working distances (5 mm, 10 mm, 12 mm, 16 mm and 20 mm) representative of the range that would be used in vivo. The NIR images were captured using an EM gain of 20 and an exposure time of 200 ms. The images were corrected and co-registered as described in section 2.2. 50 x 50 pixel regions of interest (ROIs) were drawn on the white light images inside (signal) and outside (background) of the well. These ROIs were then applied to the co-registered NIR images for analysis in Matlab as illustrated in Figure 4 (a). The signal-to-noise ratio (SNR) was calculated using
with S the mean of a gaussian fitted to the pixel intensity distribution in the signal ROI, B the mean of a gaussian fitted to the pixel intensity distribution in the background ROI and σ the standard deviation of a gaussian fitted to the pixel intensity distribution in the background ROI.
The SNR was plotted against concentration and a SNR of 3 used to determine the minimum detectable concentration at each working distance (Figure 4(b) ). The minimum detectable concentrations are 110±60 nM and 430±170 nM for working distances of 5 mm and 10 mm respectively. At working distances beyond 16 mm the dye was not detectable at any concentration ≤3100 nM.
The relationship between sensitivity and working distance arises due to the dependence on the irradiance of the excitation light. This was investigated by capturing images of 30 µL of 3100 nM WGA-IR800 at 8 working distances and plotting SNR against working distance, as shown in Figure 4 (c). The fit suggests that the SNR falls off as working distance to the power of -1.91±0.08, consistent with the inverse square law expected for an illumination cone.
We also characterized the relationship between the SNR and CCD EM gain by capturing images of 30 µL of 3100 nM WGA-IR800 with different levels of gain at working distances of 5 mm, 9.5 mm and 12 mm. For an EMCCD we would expect
with G the EM gain of the sensor. 8 Figure 4 (d) shows the fit of our data to this equation. A gain of ~20 therefore provides optimal SNR whilst preserving the lifetime of our EMCCD and will be selected going forward. 
Mouse stomachs
To demonstrate the feasibility of imaging WGA-IR800 on a tissue background we stained three excised mouse stomachs with the dye and acquired data using our endoscope. Briefly, mouse stomachs were prepared by opening and pinning the excised stomachs on parafilm covered cork ( Figure 5(a-b) ). The stomachs were washed with PBS to remove waste before the first round of imaging (Gain = 20, WD ~ 0.7 mm). Next, 100 µL of 29 µg/mL WGA-IR800 was evenly pipetted onto the face of the stomachs and left to incubate for 10 minutes. The stomachs were then imaged four more times: immediately after incubation; after a wash with 5ml of PBS; after a further wash of 15ml of PBS; and after a final wash of 45ml PBS. Each round of imaging consisted of capturing three images: squamous tissue; gastric tissue; and parafilm covered cork to serve as a control. For each image, an ROI was drawn ( Figure 5(c) ) and the mean signal calculated by fitting a gaussian to the pixel intensity distribution. The results for each of the three stomachs are shown in Figure 5(d) , (e) and (f). We can see from these graphs that the gastric tissue is clearly distinguishable from the squamous tissue using our method, even following extensive washing, suggesting that the WGA-IR800 binds preferentially to this tissue in mice. Notably, this demonstrates our ability to distinguish between different tissue types using our system. In both images we can see the limiting ridge separating the upper non-glandular fore stomach, which has squamous tissue at the exposed surface, and the lower glandular stomach, which has simple columnar epithelium (gastric type) tissue at the exposed surface. For each stomach three images were taken: one of the center of the squamous tissue (s); one of the center of the gastric region (g); and one of cork as a control (c). The arrow shows the direction of washing. A NIR image is shown in (c). For each time point, the mean intensity in the ROI was calculated. This is plotted for squamous (squares), gastric (diamonds) and cork (triangles) for three different stomachs, 
DISCUSSION
We have developed a dual channel endoscope capable of simultaneous co-registered white light reflectance and NIR fluorescence detection in real time. We show here that this system is able to detect WGA-IR800 at concentrations as low as 110 nM at the shortest working distances. We have also demonstrated the potential of this system to discriminate gastric type tissue from squamous type tissue using mouse stomachs. While these results are promising results, some significant challenges remain for clinical translation.
Firstly, our optimal sensitivity was achieved using only the shortest working distances in the range we can expect in vivo. Given the challenges involved in clinical endoscopy, which can require data to be collected up to several centimeters, we will require higher sensitivity to image at these greater working distances. In order to achieve this, future systems could use a more tailored light source, such that more spectral power is deposited across the excitation region of the IR800. Furthermore, the overall illumination power of the system can be safely increased because our system currently uses considerably less power than commercially available white light endoscopes.
A further complication with wide field imaging in vivo is that the working distance will vary greatly as we move the distal tip of the endoscope. Additionally, different regions of a single image may be at different working distances due to the shape of the esophagus. In order for the fluorescence image to give a true representation of the dye distribution and thus the extent of the dysplastic regions, we will need to correct for the variable working distance. Others have attempted to correct for this using a white light reflectance image 9 . Further work will investigate the utility of this technique.
Secondly, we have yet to validate how the sensitivity data we have collected using well plates relates to the actual concentration of WGA-IR800 that binds to the tissue surface following application with a spray catheter. This would be the most likely method for application of the dye in future trials. Further work will be required to determine the relationship between the concentration of dye applied and the fluorescence signal available from the tissue under investigation. This will allow us to determine the appropriate spraying concentration for use in vivo and evaluate the expected contrast using our approach.
Finally, with improved sensitivity it may be possible to improve our FOV to match the 100° FOVs that are common in commercial endoscopes. With this we would expect further barrel distortion, but we have demonstrated here that this can be well characterized, which leaves only minor work to include a correction in our system.
CONCLUSIONS
We have developed an endoscope capable of detecting the NIR fluorescence of low concentrations of WGA-IR800 and co-registered this data with a white light reflectance image. We have demonstrated our ability to use this system to distinguish between different tissue types by distinguishing between squamous and gastric tissue in mouse stomachs. Our characterization of the system has allowed us to identify the improvements required for the system to be successful in vivo. Further work will aim to implement these improvements and provide further biological validation using ex vivo human tissues. This system has been designed with prospective clinical translation in mind and is thus easily translatable to a clinical trial once these modifications have been implemented.
